Background and Purpose: Rupture of vulnerable carotid atherosclerotic plaques is a major cause of stroke. Stress levels may reflect risk of rupture in patients with carotid atherosclerotic plaques. Features thought to influence the risk of plaque rupture include the degree of stenosis, lipid-rich necrotic core (LR-NC) size, and thickness of the protective fibrous caps. We used computational models to investigate the effect of these variables on fibrous cap stress levels. Methods: Two-way coupled fluid-structure interaction longitudinal 2D simulations were performed on a bifurcation model based on idealized geometry derived from a symptomatic patient. Models with varying degrees of stenosis (50% -95%), fibrous cap thicknesses (0.05 -1 mm), and LR-NC sizes (2 × 1 mm -6 × 3 mm) were simulated. The stress distribution for each model was calculated and peak principal stresses extracted. Regression analysis was used for assessing the relationship between the variables and stress levels. Results: Mechanical stresses increased with decreasing fibrous cap thicknesses (ß = -0.905, p < 0.001) and increasing LR-NC sizes (ß = 0.262, p < 0.001). The degree of stenosis (ß = 0.024, p = 0.344) and LR-NC placement (ß = -0.001, p = 0.979) had insignificant effects on mechanical stress levels. Conclusions: Thin-capped plaques with large atheromas, known predictors of plaque vulnerability, were shown to exhibit the greatest mechanical stress levels.
Introduction
Rupture of vulnerable carotid atherosclerotic plaques is a major source of strokes and transient ischemic attacks [1] [2] [3] [4] . Carotid endarterectomy (CEA) has been proven beneficial in symptomatic patients with high degrees of stenosis [5] [6] [7] [8] . It is clinical practice to estimate the risk of carotid plaque rupture by measuring the degree of luminal stenosis using ultrasonic Doppler blood velocity measurements [9, 10] . Unfortunately, the degree of stenosis may not truly reflect the plaque burden since atherosclerotic plaque growth is characterized by an initial expansion. This may result in normal luminal size belying substantial plaque volumes, a process known as outward remodeling [11, 12] . Histopathological examinations suggest morphological plaque features such as large lipidrich necrotic cores and thin protective fibrous caps to be more predictive of rupture prone vulnerable plaques [13] .
Detailed in vivo morphological characterization of carotid plaques is possible through high resolution imaging techniques such as magnetic resonance imaging (MRI) [5] , intravascular ultrasound [14] , and optical coherence tomography [15] . The morphological images may be used for constructing geometrical models for the purpose of computational simulations of mechanical stresses and plaque rupture. Given the traumatic nature of plaque rupture, biomechanical properties of atherosclerotic plaques have long been suspected to influence the probability of rupture [1, 4, 16] . Intra-plaque stress levels have been determined to differ between symptomatic and asymptomatic patients with carotid atherosclerosis [4] , and between ruptured and non-ruptured coronary atherosclerotic lesions [1] .
In this study, we performed 2D fluid-structure interaction simulations of an idealized carotid artery based on the geometry of a symptomatic patient. We investigated the impact of different degrees of luminal stenosis, fibrous cap thicknesses, lipid-rich necrotic core (LR-NC) size, and LR-NC position to determine their effect on plaque stress levels and possible risk of plaque rupture.
Methods
Informed written consent was obtained from a male patient (age 69) with a 70% degree of stenosis in the carotid artery, awaiting surgery for carotid atherosclerosis. The protocol was approved by the local ethics committee.
Using a previously published method [17] , a longitudinal 2D model was generated of the patient's carotid artery. In brief, the method uses a well-validated protocol with four magnetic resonance imaging (MRI) scans for segmenting plaque morphological components; lipid-rich necrotic core, fibrous cap, blood lumen, vessel wall, and calcifications (Figures 1(a) and (b) ) [5] . A 3D shell model is constructed from the segmented outlines, each shell surrounding the individual plaque components (Figure 1(c) ). The bloodstream is skeletonized and the skeletonization used for constructing a curved plane intersecting the center of the carotid artery throughout the model. Intersections between the curved plane and the iso-surface shells constitute the longitudinal 2D model (Figure 2) .
In order to suppress local effects of uneven vessel wall borders, a simplified longitudinal model was created using the previously generated curves as guidelines (Figures  2(a) and (d) . Cosine functions were used to generate the walls surrounding the plaque, initially calculated horizontally before being rotated to reflect the orientation of the in vivo plaque:
where f = horizontal plaque height, x = longitudinal position, DOS = degree of stenosis in percent, MS = amplitude of cosine function at 100% degree of stenosis, mS = amplitude of cosine function at 0% degree of stenosis (negative), and l = length of stenosis. Models with 50% -95% degrees of stenosis, measured using the NASCET method [6] , were created by varying the DOS parameter. Lipid-rich necrotic cores were generated as ellipsoids with increasing sizes (2 × 1 mm, 4 × 2 mm, and 6 × 3 mm) inside the plaque area at specified locations to generate models with proximal/distal LR-NC position and varying fibrous cap thicknesses (1.0, 0.5, 0.25, 0.1, and 0.05 mm). To minimize boundary effects, straight in-and outlet sections 50 mm in length were created above and below the model. Finally, the entire model was embedded into a slab of surrounding tissue.
The sides of the model were constrained in all directions while top and bottom were allowed to move in the x-direction (Figure 2(a) ). Fluid load was applied along the blood/vessel wall interface. To account for the nonlinear stress/strain dependency of human tissues, a NeoHookean hyper-elastic model with a non-linear stress- 
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strain relationship was used to specify the mechanical properties of the plaque components [17, 18] . Two examples of velocity fields, first principal stress distributions, and velocity streamlines are presented in Figure 3 . A 90% degree of stenosis model with a proximal 6 × 3 mm LR-NC and minimal fibrous cap thickness of 0.2 mm yielded maximal principal stresses of 674.4 kPa occurring at the area of minimal fibrous cap thickness (Figure 3(a) , red arrowhead). Immediately adjacent to the area with maximal first principal stresses equal to tensile stresses, was a pressure zone with negative first principal stresses of -101.4 kPa (Figure 3(a) , white arrowhead).
The peak systolic blood pressure of the patient (160 mm Hg) was prescribed at the inlet. The relationship between flow ratios of the external and internal carotids compared to the common carotid flow can be described using an empirical formula presented by Groen et al. [19] (see the Equation (2) below): where Q/Q out is the outflow ratio, ICA/ECA/CCA are the internal/external/common carotid arteries, respectively, Q is the flow, and x is the degree of stenosis (%).
Using these calculated flow ratios, external and internal flows were calculated by multiplying the ratios with the patient's common carotid flow measured two cm below the bifurcation using phase-contrast MRI. Finally, the flows were converted to average velocities by dividing with the area of the internal and external carotids under the assumption of circular outlets. The calculated average velocities were applied at the internal and external outlets (Figure 2(a) ).
A second model with 80% degree of stenosis, a distal 4 × 2 mm LR-NC, and minimal fibrous cap thickness of 0.2 mm is presented in Figure 3(b) . The velocities in the internal carotid artery were higher in this model due to the lesser degree of stenosis, generating a large zone of recirculating blood above the plaque (Figure 3(b) , yellow asterisk). Again, maximal (Figure 3(b) , red arrowhead) and minimal (Figure 3(b) , white arrowhead) first principal stresses were found to be adjacent and located at the area of minimal fibrous cap width, with a magnitude of 429.1 and −89.5 kPa, respectively.
Initial pressure and velocities for the blood were set to 10% of the inlet blood pressure and internal outlet velocity. Although a simplification, blood was simulated as a Newtonian fluid with a constant viscosity. Due to the content of formed elements within the bloodstream shear thinning occurs in vivo and the viscosity is not constant. However, previous research [20] suggests that the use of Newtonian models for simulations of blood flow is reasonable in the carotid artery.
Using multiple regression after log-transforming first principal stresses and fibrous cap width to improve normality, the combined effect of the degree of stenosis, fibrous cap thickness, and LR-NC size and position was assessed, yielding a combined R2-value of 0.89 indicating 89% of the variation in relative stress levels could be ascribed these variables, and that the combined influence was highly significant (p < 0.001). Individually, neither the degree of stenosis (p = 0.34) or LR-NC placement (p = 0.98) affected the relative first principal stresses significantly whereas both the LR-NC size (p < 0.001) and relative fibrous cap width (p < 0.001) had a significant impact on the relative first principal stresses.
Fluid-structure interaction simulations were performed using COMSOL, a commercially available finite element solver (COMSOL 3.5a, COMSOL Inc, Stockholm, Sweden) coupled with Matlab ® 2010a (The MathWorks Inc., Natick, MA, USA). An arbitrary Lagrangian-Eulerian (ALE) formulation was used to couple fluid flow to tissue deformations and vice versa [21] . Blood pressure and outlet velocities were ramped up to the final values in six steps using an increasing multiplication factor ranging from 0.1 to 1. Fluid velocities, plaque deformation, and internal principal stresses were calculated and analyzed in each simulation. The simulations were divided into two groups; one with a proximally placed LR-NC, and one with a distal core. Ninety simulations were conducted in each group, and linear regression was used to compare peak principal stresses in each group using SPSS 19.0.0 (IBM Corporation, Somer, NY, USA).
Using standardized regression coefficients, the strength of the association between relative first principal stresses and each of the variables was assessed and is reported in Table 1 . The standardization yields units in terms of standard deviations allowing comparisons of the ß estimates between the variables. As can be appreciated from Table 1 , the fibrous cap width in particular had a substantial effect on first principal stress levels, LR-NC size a somewhat lower effect while LR-NC placement and degree of stenosis had a negligible and insignificant impact. Plotting the first principal stresses as a function of each of the varying variables revealed interesting tendencies (Figure 4) . The significant impact of the fibrous cap thickness is readily apparent from Figure 4(a) . Using the previously reported critical plaque stress of 300 kPa [1] plotted as thick, dotted black lines, it can be seen, that the minimal fibrous cap thickness to show stresses in excess of this limit was ≈200 µm, corresponding very much to earlier publications using 200 µm as the cutoff limit for designating plaques at risk of rupture [22] . The point at which first principal stresses exceeded the rupture limit of 300 kPa was also dependent on the size of the LR-NC, with larger LR-NCs exceeding the limit at a thickness of ≈450 µm. In general, larger LR-NCs caused greater stresses than small LR-NC (Figure 4(b) ). Thick fibrous caps above 0.5 mm in width never exceeded the stress limit, while thin fibrous caps with a thickness of 100 µm or below remained above the stress limit regardless of size. The effect of the degree of stenosis on first principal stress levels showed evidence of threshold behavior (Figure 4(c) ), where the degree of stenosis had little to no effect on stress levels in caps thicker than 100 µm while thin caps (fibrous cap width ≤ 100 µm) yielded rising stresses with greater degrees of stenosis. Thus, the insignificant and limited correlation found between degree of stenosis and principal first stresses could be ascribed these opposite phenomena. Indeed, restricting the regression analysis to thin-capped atheromas with a fibrous cap width ≤ 100 µm yielded very different standardized regression coefficients: degree of stenosis (ß = 0.336, p = 0.001), LR-NC size (ß = 0.508, p < 0.001), and fibrous cap width (ß = -0.218, p = 0.022) were all significant, while LR-NC placement was highly insignificant (ß = 0.019, p = 0.839). The placement of the LR-NC did not impact first principal stresses at all, as evidenced from Figure 4(d) . 
Discussion
Currently, carotid risk assessment is based on measuring the degree of stenosis to determine if carotid endarterectomy should be offered symptomatic patients [6, 8, 23] . However, there is growing evidence that morphological composition rather than degree of luminal stenosis may be the deciding factor in determining plaque vulnerability [24] [25] [26] . In particular, large LR-NCs with thin fibrous caps have been determined to be the hallmark of unstable plaques at high risk of rupture. Through the advent of high-resolution MR imaging combined with computational analysis, in vivo estimations of mechanical stresses in the fibrous cap have been enabled [4, 16, 27] .
In the present study, we used an idealized bifurcation model based on geometry obtained from a patient awaiting carotid endarterectomy. Ellipsoidally shaped LR-NCs were used to create heterogeneous plaques with varying position of the LR-NC allowing for examinations of the effects of LR-NC size and position in addition to the effects of the degree of stenosis and fibrous cap width.
Links between stenosis severity, fibrous cap thickness, and mechanical stress levels have previously been reported by Li et al. [3] . The severe influence of fibrous cap thickness on first principal stresses was confirmed in the present study, whereas the significant impact of the degree of stenosis was lacking. However, a detailed analysis of the relationship between the degree of steno-sis and first principal stresses (Figure 4(c) ) revealed a threshold effect. Thin LR-NCs (thickness ≤ 100 µm) showed that first principal stresses did indeed rise with corresponding higher degrees of stenosis whereas thick LR-NCs showed constant/slight decrease in stress levels with higher degrees of stenosis. The lack of agreement between the results of Li et al. and our present study may stem from the difference in models; Li et al. used a straight tube with a constant flow whereas our model included a bifurcation and decreasing blood flows with increasing degrees of stenosis [19] .
Plaque heterogeneity was shown to influence biomech ration, Lovett 
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rwin and Chun Yuan of the anical stress levels, with larger LR-NC yielding greater stresses than smaller LR-NC (Figure 4(b) ). This confirms previous findings [28, 29] , that atheromatous plaques are at higher risk of rupture than fibrous caps.
In an angiographic study of plaque ulce 0] determined plaque ulcerations to be asymmetrically distributed longitudinally with the majority occurring upstream to the plaque rather than downstream. To investigate if this phenomenon could be attributed to mechanical stress levels, symmetrical simulations were performed with LR-NCs placed proximally and distally inside the plaque (Figure 2(d) ). However, no significant differences were found between models with proximal cores vs. distal cores, indeed the stress levels were virtually identical. In a previous study [17] , we found the longitudinal distribution of maximal stresses and plaque ruptures to be asymmetrically distributed in a group of symptomatic patients, with the majority occurring proximally to the plaque in line with the findings of Lovett et al.
Previous studies have used principal stres and cess of 300 kPa to be predictive of plaques at high risk of rupture [1, 3, 4] . The choice of material model and parameters may substantially affect simulated stress levels. Care should thus be taken comparing absolute stress levels across different simulations employing different material models, and the choice of an absolute level at which the plaques are considered to be at risk of rupture may be problematic.
Currently, plane spatial resolutions of 0.5 -0.6 mm [5, 7] . Stress levels increased dramatically with decreasing fibrous cap widths, particularly below 200 µm. Increasing spatial resolution to enable visualization of very thin fibrous caps could thus prove of vital importance. Moving towards scanners with higher field strengths [9] or switching from 2D to 3D acquisitions [11] may facilitate this.
In this study, we p putational investigation using idealized carotid bifurcation geometries. Thin-capped plaques with large atheromas, known predictors of plaque vulnerability, were shown to exhibit the greatest mechanical stress levels. Thus, stress levels may reflect risk of rupture in patients with carotid atherosclerotic plaques. 
